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"osfgning a solar industrial process heat (I?R) system, 
sizing its components and predicting its annual energy 
delivery requires a method for calculating solar system 
perfonance. A calculation sethod that fs accurate, 
easy to use, accounts for the tapact of all important 
system ?aramecers, and does not require use of a compu- 

ter is described fn this paper. Only simple graphs and 
a hand calculator are required to ptedfct annual col- 
lector field perfomance and annual system losses. 

The energy calculation method ls applicable to a vari- 
ety of solar system conf @rations. Kovever, thfs 
paper describes the calculation method applied only to 
parabolic trou%h steam generation systems that do cot 
enploy thermal storagea Roth flash tank and unfired- 
5otler steam systems are covered. Readers interested 
in application of this calculation method to other col- 
lector types and/or system configurations are referred 
t0 Zesfm Xtmroac?tes. for Solar Industrial Process ??eat 
Sqtems (Kutscher et al. 1982). 
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2uriag :he planning and design stages of an I?H solar 
syst2!cla, an annual ener,g calculation aethod is needed 
for two principal reasons. First, a calculation method 
is needed to aicl fn :he design of the solar system. 
'Tarious solar system confipxatfons anast 5e analy:ed, 
aitarnate solar collectors nust be compared, and the 
collsctor field and other spsten components mst be 
sized. Second, an evaluation of the cost effectiveness 
of the solar system (F .e., payback period or internal 
rate of return) requires an estimate of annual solar 
syst2m anezgy Jelivery. 

A n*mber of F:ane impact the energy delivery of a solar 
syst2m, hcluding collector field size and orientation, 
collector charscteristics, site characteristics, col- 
lector fluid oropertias and process load characteris- 
:ics. 4ecause there are so many variables, detailed 
conputer nodals are often employed to sake I?3 system 
t radeot‘fs and to provide the necessary performance 
Lnformation. Sowever, this approach requires compucar 
flcilitios) is tine-consming, and can be expensive. 
T'TTe design engineer prefers aesign tool3 that are easy 
50 use and ?rovirie for a quick assessment of various 
de3 123 obtions. Fortunately, design tools can be 
3rsatI.v slnolffied with the use of skzple nodifiers 
:hat have been analytically calculated. x familiar 
2.uamle is tSe heat ienoval ;‘actor FR (Duffie and Se&- 
nan). ?97i), which accounts ior the perforraance Famact 

oi :he ~enoarst-xre rise across the collector field. 
Yovever, not all solar spstcm coswnent varLable3 can 
be characterized in this yanner Secause of Zhefi tiae- 
varyt ng ‘?ehavior. Ins cead, by appropriately grouoing 
‘: ize-varpizg variables in:0 ?eanFnqful drouos and using 
regess’,on analvsis tmtiniaues, :Seir . perfonance 
i.mact can be correlated emoirically. 

SOURIPlISIlUMSYSZMS 

A large amount of industrial process Seat Ls utilized 
in the form of low-pressure saturated steam. h large 
fraction of this energy fS utilized by industrial 
plants that have daytime, 7 day/week loads. For these 
industrial plants, a no-storage, solarsteam system caa 
provide an atxactive source of therm1 enern. 

There are currently tuo princiwal csnflyrations for 
solar system steam production *. The first and most 
videly used system configuration is the unfired-botlar 
system (see Fig. I). This is the configuratfon used by 
all five XX2 program patticfoants. In an unfired- 
boiler steam system, heat transfer fluid is JUmDed . . 
through tSe collector field and then to an unfired 
boiler. The hot fluid within the tubes of the boiler 
vaoorizes water in the shell and saturated steam is fed 
to' the existing stem header that delivxs ener.ty t0 
the fndustrial process. As the stem is c<enerated, 
make-up condensate is suoplied to the boil+r. TO 
account f3r the temperature eleVatiirn of :?,a ;;llactor 
loop inlee above the steam temeracure a simple modi- 
fier Fs introduced--the unfired 3oiler factor, qy 
3erfvation of tSe unfired boiler Factor is otovided in 
42f. 5. 

In a flash-steara solar systea (see 7ig. 31, ?rsssurized 
vater fs circulated through the collector field and 
flashed to lov-quailty steam across a chrottlfog valve 
tat3 a separator tank. ylashing is a constant enthalpy 
process that converts the sensible heat >i tSe uater 
into a two-phase aixture of water and steam at condi- 
tions prevailing in the flash tank. The stean qualfty 
(fraction of total zass flow that is flashed to vaoot) 
usually Fs Less than 1%. Steam separated ! n the flash 
tank is fed into the slant Ttean distribut:o? 'jv9t2a * . to 
be used by the industrial nrocess. The ssturat+d 
liquid is recirculated through the collector Ti2ld. 70 
xsintafn the rlecessary liquid level 13 the flash tsr.k, 
boiler feedwater is injected into the mm 9uc-,ion. 

*A :hir? confimration for 3t2an zener.acion LS descrf 
2132vhere Ir! these ?roceedings IlV3v aad !!urohv, L3??). 
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Fig. 1 - Unfired Boiier Steam System 
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Zig. 2 - Steam Eash System 

&o prevent boiling within the collector, the water is 
?ressurited by the recirculation pump. The pum is 
specified so that water exiting the collector field is 
under suffi:ient pressure to prevent boilin3. TSe col- 

lector field outlet temperature nust be considerably 
above the steam delivery temperaturs to obtain reason- 

able *team qualities downstream of the throttling valve 

and reduce the vatet recirculation rate. Another sh- 
2l.e performance modified accounts for this temperature 
tievation- the flash system factor 7,. l’be flash sys- 
iem factor de rivation :s given in ?ef-. 5. 

ST!P-BY-STZF ?RmDRE 

A sten-by-stap calculation procedure for tSe annual 
enerr: collection of a no-storage IPH Solar steam sys- 
tzm is provided below. The inputs required of the 
industrial owner or system designer are ail readily 
available items of tnformation. 

:pn?) 1 - d-- Phtain rlecesvarp tnfonatioa. 

l 3ef:ae Tcocess ate2n temperature ‘?a and bofl2r feed- 
-dater temperature Tfeod. Reck that a steam require- 
sent exists durFng daylight hours, 7 days/ vet&. 

e 3efine latttude L, 
ture 3 and 

yearly average dayrise tlapera- 
yearly average nightthe tzapera- 

ture Ta,n of proposed sire. Average temperatures can 
be found In the ‘J.S. Climatic Atlas and ocher tafer 
exe books. As a close approximation, the average 
nl?httime temperature can be taken as ?d - 6Y. 

4 For the solar colLector that Ls to be used, obtain 
its 7’7, and F’?, values and 
Lr’iar cirae. 

its incident-angle nod- 
Tnis information should be taken from 

t2st ?ata measured at an Fndependent :es:Fr?3 lAbora- 
t9rr. 

Often parabolic trough efficiency is re?orred as: 

This efffciency fom has no physical basis (Tabor, 
L93n) and should be modified to the suggested form 
shown below. 

n =.A -3 
Tf - T-3 CT, - Ta]’ 

C 
l lI-B’ 

2 I 

where 3; = 3 /I 
2 test 

I test is the beam Lrradiance that was present during 
the collector tes 
Itest as 1000 V/m F 

If no Itest value is given, take 
. 

?Tov , the collector i?‘;7 and F’Y 
0 L 

are given a3: 

F’no = AL and F’U, - B 
d 1 + 3’,(W 

Evaluate F’UL at AT = ‘7, - Ta . 

l !Iekfine land availabflitp at proposed solar sits. 

Stev 2 -. Configure collector field and energy transport 
system. (Collector manufacturer recommendatfons as 
veil as references (8, 9, 11 and 12) will afrl Ln this 
step.) 

0 Calculate the maximum recommended collec tot are3 

x 
c,3ax 

based on the process load energy us e 

rate Qload and assuming no thermal storage is used 

and that solar energy is never dumoed. 

where ?$oad = !& [hfg + Cp (Ts - Tfsed)] 

I pax can be estimated as 11-30 W ae2. A fore accurate 
estimate can be found in ASHXAE Clear Za)ap Solar 
fntensiip Tables (ASHKU Fundamentals, cChapt2r 25). 

‘a,Tax say be estimated for the site Iron .ASi?BAZ for 
-any cities. As a close approximation, a vaiue of 
40% nay SC used as the nax:;aum temperature for XIC!I 
of the iynited States. 

0 Use > 
2, qx 

as dn upper bound in Sizing !A+ coll2ctor 
field. Jmaller collector fields -cy he required he 
:o land area limi:atFons, investment considerations, 
or available sizes of moduLar collector systems. 

l ‘;ayout col*llector field anti ,i2tarxine coilrctor field 
flaw rate ‘k. 

l Size energy transport: piping insuiat’on and 2.xpansion 
tank. Calculate number of ?i pe su?pc\rts and valves. 

Steb 3 - Calculate Ha;7,,FTIUL. 

e &lclllate FJTf (Fy accmnts for the Eonpetacur2 rise 
across the collect.or fieli;-). 

. 
3 c3 iI c 
z r 

(1 - 2x? - (F’S 1 /‘fi - >J 
L-c c-2 

. 
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Steo h - Calculate system dependent heat exchange fac- 

tor as. 

0 For steam flash systems, cslcuiate FT. 

I- . -I 

F XT"1 I- 
2 

i 

AcF&/:lcCo 

s h 
Eg 

+ cQ'(Ts - Tfeed) (Ts - TPeed) 

J 

-I 

l For unfired-boiler systems, cakulate F3. 

L r A 
step 5 - Calculate effective optical efficiency. 

l Defhe expected dirt and dust optical loss aodi- 
iier. Because this loss fs site specific it should 
be Sased on observed material coupon degradation for 
the parzicular site. (See Xefs. 4 and 10 for aore 
Fnfot3ation.) 

0 Calculate incident-angle modifier anaual correc- 
tion Kr3 . 

Values of :Jx are found Ln Table 1. 
taken from' the collectors incident 

Values of \ are 
angle modifier 

surve. 

l ?ultFplp the nomal incidence optical afficfencp 
(?go) by both modifiers to arrive at the effective 
optizal efficiency (r$o). 

St&-D 5 - Yodify collector heat loss coefficient and 
affective optical efficiency to accoum for thermal 
trsnsoorr energy losses. 

0 i;CaUQ energy transport 
*mires, 

compoae5ts (l-e., piping, 
~1tt13q3, 

flex hose3, 
pipe anchors, cfrculation pump, 

and unfired boiler or flash tank) into 
either inlet (cold) components m outlet (hot) cow 
yonents. Calculate 'JFAi and U,Ao. 

a Correct the effective optical efficiency to account 
for steady-state pipe losses. 

' ?. ' 0 
l Correct the collector heat loss coeZffcfent t0 
dccoun c for steady-stats pipe losses. 

-u 1 1:: c 
e i-i : p) 

J 
Ste9 ‘: - Calculate net annual average merzy collactioa 
rats itaklng Lnto account themal transporr losses) for 
;mshadad collectors. 

‘.‘s e ‘13. Jb ~3 &canine Long-r,arz average di:ec:- 
normal irtsdiante T 3' 

0 30c3te traiue of 
'La. 3 consistent 

.3 L 1 1 f L=25”j3 

0 .2 .4 6 a 
lntenstty Ratio 

Fd: (T, - i%) 

Fa;j;, it 

Fig. 3 - Energy Collectioa -Rate CurJes vs. InteRsit 

Fig. 4 - Average 3irect Sorzzl Zrzadiance Iurtng 
3a:JlLght :-fours (Lb”) 

latitude, and collector orientation. 

0 A +and calculator inay 3e usai c 3 evalu- 
ate Q/[F,F~~~ (73 C 5n)j lnscead of the ;raphTcal 
dstemination. 

For ease-west parabolic troughs: 

&/[ 7 sF& (F+, + 3O)i = ~7.5688 - 0.6719 l ⌧ - 0.2:&j l 23 

For oort+sou:h ?araboiFc troughs: 

4 
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l Gtrect :, for shading losses by sultiplyinq by 
a shade, field’ 

s ikterzine end-loss factor for specified tow length 
(see FigA 7). 

l Correct & for end :oscs by multiplping by Lend. 

ste9 ? - Calculate annual shading loss Factor and 
annual end loss Factor. 

?>etemFne proposed ground cover ratio (GCX * collec- 
tor aperture width/ rov-to-tov spacing). 

Calculate requited collector field site as X = 

AC/m. 
a 

Determine whether enough collector field area is 
available. If not, fncrease GCB or reduce A,. 

'Locate annual shading-loss factor (Fg ade) on Figs. 5 
or 5 Zor specified GC2 and latitude o site. P 

Calculate field shading loss factor, accounting for 
one unshaded row. 

1 + (Nq - 1) Fghade A 
I 
shade,field * % 

GCR 

Zig. 5 - Anmal Shading Loss Yultipliez: VS. 
‘Latkude for CW Troqhs 

Steo 9 - Calculate net annual. enerq collection (taking 
Eaccount thenal transport losses). 

Yultiply the-energy collection rate per unit of col- 

lect- area '4, by the collector area A, to decar- 
mine Q,., the average annual energy collection rate of 

the collector fiel?. 

l Since h, is au average collection. rate (in W) based 
on all daytime hours, multipLy Qc by 1.5768 x 10’ 
(the nmber of daylight seconds in a year) to obtain 
annual energy collection in Joules. 

Steo LO - Calculate annual overnight cool dove Losses. 

Calculate (?Icp),ys the total thermal capacitance of 
system components including piping, valves, insula- 
tion, and heat transfer fluid. Also, include flash 
tank or unfired-boiler fluid faventory. rb not 
include collector absorber tubes, flex hoses or their 
contained fluid inventories. 

Calculate tele total themal capacitance of 

collector 
(Ucp) oil 
absor et F5 tubes, flex hoses, and their con- 

tained fluid inventory. 

Calculate average ener,7 loss overnight from system 
components based on (Ycp)sys and piping system 3.4 
From Step 6. 

(Wsvs , 
= uixi + Yolo 

Use At (average overnight cooldown period) = 34,%X) 
set (15 hours) 

l Calculate average energy loss overnight from collac- 
tor components. (Assume these components cool co;;i’ 
pletelp to anbfent.) 

Q 0,COLl * (Yc p!coll (*s - %,n ) 

l Calculate annual overnlqht cooldown losses. 

0, = !Q& bO,SVS . + ?o,co111 

North-South 

0.95 I 
c 0.02 0.04 13.136 S.C8 c.:c 

f/L, 

5 
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where V 
a,c 

= 239 + 9.2 Tb 

Seer, 11 - Estimate the solar system use factor F,Jse. 

Estimate the annual number of daylight hours that the 
solar system is Likely to he out-of-service due to 
hardware problems with the solar system. Consider 
coLlector reliability, and maintenance of system 
level components such as circulation pumps and con- 
rlrols. 

Tstfmate the annual number of daylight hours that the 
industrial process vi11 be nonoperational, and hence, 
till not accept solar energy. This tine estimate 
should include scheduled plant shutdowns and 
unschedultd shutdowus for maintenance bared on hfs- 
torical piant data. 

Corapute the solar spstsut use factor based on the 
total espected daytfse hours of solar system downtime 
and Lndustrfal process dountL,ae. 
(Yote: 6283 * annual number of daytfse hours) 

YRsolar 
+ RR 

process 

F ml- 
dmnti?E 4ountiae 

use 11380 

Step 12 - Caiculate aanual energy delivery 
fraction. 

aad solar 

Subttact annual overnight losses (Step 13) frm the 
annual energy collection determined in Step 9. 

qd - 0, - & 

?ultiplv annual energy total by the use factor csti- 
matefi in Step 21. This resul: is the solar system 
amual energy delivery. 

3 obtaF3 that 
solar 

fraction of the process load met 5y 
energy (neglecting electrical parasitics), 

divide the amual energy delivered by the annual ?ro- 
cess load. 

0 
.a 

solar fractFon - - 
0 
.lgad 

.I food processing ?Laac aear knver, &lo. uses 
1723 ZPa (250 psia) of saturated steam at a tnte of 
5000 !cq/‘;r,r (11,?23 ?b/hr) seven days/week, 24 b/day. 
h 2sc;o n- trougn .AISR spstea (Alvis, i383) ls being 
considered to provide some of the orocess steam. C:JI- 
culate the expected annual energy delivery of the solar 
system and tke ftactiorl of the annual xocess load that 
can he net 5y tSe solar system. 

Ste7 Z 

-3 = 2I!Y'C (satwatfon teznperature at 250 psia) 

L Feed = :2o"c 

i - d IO.:":; 

= 
-3 a ILOC F '9 a,? * jOc 

%rabolic trough efficiency is given dS 

Prom this equation both F”lo and T’UI can be defined. 
La 

For AT = T, - Ta B ~3s~;: - 110~ a ~940~ 4. 

F'UI, = 0676 C .'JOO334 (194) = .741. y p-2oc-1. 

l The available Land at the food processing plant is 

limited to tw acres. 
adjacent to the plant. 

This Lasd is ‘Amediately 

Stea 2 

l The industrial process energy use rate is: 

-5000 2 (&) il.32 X LO5 +$ + 4542 z (2OSOC - 

~20~~) i 
Kg”Z 

= 3.203 x lo6 :I 

The maximum collector area A,,,,, for this eaergp use 
rate is: 

Using Ilax = 1100 u 3-2 and t a,max = LOOT; 

A c .zlax = 3.203 x 106/f.8(L100) - .741 (235 - LO!J = 

4227 mz 
l The A, value of $227 32 

coll.e~c!~~*field area of 2500 1 . 19 
laqer than the Xs;S 

Zenco-, :.Lle 1500 m’ 
XISR field is not too lar,qe for this industrial Fro- 
cess. 

a The !4ISR system under consideration has: 

- a center feed piping Layout, 

- fourteen parallel collector row, 

- tvo collector drfve strings per zov, 

- north-south ortentation, 

- a total collector field 
of 17.66 kg s-l 12190 gpm), 

flow rate (T!wtinol 57) 

- a row-to-tow spacing of 6.1 a (29 rt> ‘JFt!l 3 
collector aperture width of 2.&4 m in ft). 

l The !!IS2 ener,y transport system has the ,Eoilovi2~ 
:haracteristics: 

2-tlet Xeader, J-in. sch. 40, 150 3 long, 3-i;. 
fiberglass Insulation, 

Cutlet Zeader, 3-in. sch. b0, 130 m long, 3-i:. 
fiberglass insulatfon, 

?a-to-mu piping, 1.25~Fe. sch. W, 170 3 Lang, 
! .3-in. fiberglass insulation, 

Epe support3 every L.3 2. 

25 collector row isois'tion valves, ‘,.25-i=. , 
fxulatsd body, 

5 33 axnansion tank, ?-in.‘i?fberglsss Lasulatior ‘, 

18, 3-tn. isolation valves, fnsuljred body, 

tA, 1.25~rn. wessure r,ol:2f vai-les. 
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Fxyo = 7’ . o - .9775 (.80) - .:52 x P’r\ 

7 
? ., ‘9 
-9-L - r”’ 

F’U 
= L .9775 (.74L u 

a-30c-1) 
= 

.72i 
LJ 

-20 
7 r: 

-1 

steo 4 

l Calculate Pg, the unfired botlar factor. 

The HISR system unfired boiler is specified to have a 
UbAb value of 40,000 W°C-’ (75,820 Btu hr’LoF)‘l. 

Stea 5 = .974 

Reflective mataria samples were QhCed at the 
prOpOSed solar site as soon as the site was sel- 
ected. An average specular reflectance loss of 51; 
per month has been measured. Since bimonthly con- 
centrator cleaning is anticipated for the solar 
system, an average optical efficiency loss of 5X is 
expected over the long term. Because receiver clean- 
iz~q is a such easier operation :han concentrator 
c Leaning, the receiver -vi11 he cleaned bfwee'kly and 
oaly a 2X loss in average optical efficiency is 
emected. 

%e tested incident angle zxodifier of the collector 
at inciden: angles of 7.5’, 22.5O, 37.5O, 52.5’, and 
57.3’ are given below. 

:(?.j = L.OO 
,. R5z.j * m88 
-'-33 j * .99 -A. 
x37.5 = .?5 

K67.j * .53 

For north-south &roughs at latitudes near LO’, t\e 
incident angle weighting factors (frora Tabls I) are: 

7, 5 = .35 
:i21.j * .33 

ii52.5 : 1;: 

“~37.j * .22 
57.5 

Sased on those values, the incident-an3ie nodifier 
annual correction can now be calculated. 

SEBI/TP-1371 
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l All energy transport components used tlz the solar 
system 
values. 

are given in Table 2 along with their Ud 
T!?ese VA values are iased on data given fa 

references 5 and 8. 

UO-40 
= L28.1 w ‘C-l 

l FXTi * e 

- UoAo/G c 
=Q 

1 

e 
- 128.1/[ (17.64)(2~0)] 

* .997 

77’ a 
X0 

0997 (.782) - .750 

F$: 
-29 

-“,“,/G c 
C Q 

L 

-up, /G c 2. 
l FBUL e 

= ?+ 
e 

Gcco 
(e o o c Q ~J&+,) u x /!? c 

AC F9 UL . -3 

C 
-163.2/((17.64)(2300>1 

- ,997 e 
17.68 (2300) 

( 
121.11,[(17.64)(2300); 

2500 (.724) e 

- 
e 
- 163.2/[(17.64)(2300) J) 

] 

* ?.I.53 

'& = 1.153 (.724) = .835 w xl-23c-~ 

7 See? 

-7 

0 Intensity Xatio = 
‘& s -2) CT 

F--l 
X-i 'b 

a ,335 !J a 
-z. -1 

C - (2C5OC - !l°C) 3 o 306 

.780 (525 :I a-‘) 
. I 

‘.T Q - .35(1.00) A .33( .?9) + .22( .‘?6) + .lfl(.Sfl) + .OL( .hS) l using a hand caiculator rather tSan the ,graohical 
technique: 

a The effective optical efficiency i;: ;7; 
= .38LO - 

FsFxi; (7, + 50) 
.3117 (3.396) 

c-l 
-X60 

* .752 (.95)( .9R)( .3824) * .ilj 

Table I-. Iccicient Axgle XodiPier ,?anual Correction !Teightlzg Taczor 

Vei3htin3 Cast-Gest :~orth-soutn 

Factor Xll Latitudes G25O L=?03 L=jj 0 L=4C0 '-94 - z" 550 0 

;:7.5 0 a::3 7, 3 0.i7 Cl.&5 O.A3 0.25 Cl.“? 0.26 
;izf.5 0.30 0.16 3.2? 3.17 0.28 0.18 c-33 Q..X! 0.38 0.13 0.L 

.-- ‘I .5 

6.22 
0.25 

.” :7 : 3.20 0.28 - IO.10 n ---- :- ,I.10 3.57 $3 .37 
;“;;I; 0.15 O.GO 0-c-J 0.50 3.3: 5.32 G.J2 

7 
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Table 2. Energy Transport System Component Lass Coefficfents 

Quantity Component L'A(!Pc-l) 

Inlet Side Components 
15om 9OaI 3 in. sch. 40 piping vith 3 Fn. 1.25 Elberglass insulation 

1 In. sch. 40 piping vlth 1.5 
54.2 

in. fiberglass insulation 31.4 
Unfired !3oFLer with 3 in. 1 fiberglass insulation 11.3 
Circulation pump, 1 insulated, vith seal Expansion cooling 13.8 

tank, 3 kr. insulation 33 fiberglass 2.3 

14 
?ipe supports for 3 fn. calcfum piphg using silicate 5 .2 

1 
?ipe supports for 1.25 in piping using calchm silicate 
Pipe Anchor 

i.2 

28 Flexible 0.5 

10 
hoses, 1.42~1 long 

Insulated hand valves for 3 in. pfpi.ng 
30.8 

14 Insulated 5.7 
hand valves for 1.25 fa. piping 3.1 

1' 1 e . . -163 ?'pC-L 

Outlet Side Coolponents 
1i .* 

13OUl 3 ',?. sch. 40 9om 1.25 in. fiberglass piping with 3 in. insulation 45.4 
30 sch. 40 piping with 1.5 in. ?t_pe fiberglass insulation 31.4 

supports for 3 in. 
14 

piping using calcium silicate 
Pipe supporm for 

4.9 

1 ?ipe anchor 
L.25 in. piping Using calcium silicate 4.2 

28 0.6 

8 
Flexible hoses, 1.42~ Long 

14 
Insulated hand valves for 3 in. pipkg 

30.3 

Insulated 4.6 
hand Valves for 1.25 

i4 
in. pfping 

Insulated pressure relief valves 
3.1. 
3.1 

zoAo-L2a. i:A+ 

1.3130 (0.396)2 - .003919 (39.7) 

+ .003864 (39.7)(9.336) - .301484 (39.7)(3.396)' * .5046 

= .974 (.780) (525 i 50 :Z 3 -2) (.5046) 

.A 
3 
- X,/XR - 25cn El2 (.?LO - 6250 2) 

0 6250 2 is jus: over 1.3 acres. Since t-do acres t3 

available, the TSR systm ;zilL fit tn the space 

allocated. 

l �ran 

9.95). 
Tia. 6 (for a Latitude of 39.?), fshaCe is .L 

F 
shade,field = 

1 A (1s - 1) .95 
Li * ,354 

l ;, - .954 (239 t? L2) - 223 !J Tit 
-2 

b 

l Four 6.i 2 l.ong concentrators are zounted adjacent to 
dach otSer on each side of the iirive assmblp of each 
row. Yence, L, = 24.4 a. The focal length of ech 

concentrator ts Q.61 3. F9r L-if - 24.4jO.61 - 40, 
?a . - ;t* 7 Lr.dfcates Land - .98. c 

Steo 9 
- - 

05 -2 
'C 

- 9, AC - 223 :; a (2500 m') 

- 557500 !I 

l Converting to Joules: 

33'75ilO (1.5768 x LO') - 8.791 x ML2 J 

SteD 10 

0 3e total themal capacitance of the P-ner?y 
system fs 1L.d x LO3 J 'C-L as given in 

:rans?ot: 
Table 3. 

(:.!cQ)syg - 11.3 x LO6 J oC-L 

0 3e total t+mal cdpacltdzxe of the collector sw:erJ. 
LS 3.64 X 10' .J 'C-l as 3fven in Table L. 

::ic~),,~l - 3.64 x 10' ' J OfI 

. :3A)3v9 - UfXi + u .L 
8 

= 163.2 + 

0 
‘0,3y7S 

= [l - e- 

73) , 

*[l-e- 

5-o 

128.1 - "91.3 2 'c-l 

ce ) 
? 37s 

/I !Wsps~tl 7 
; (?c > (T - 

asp 3 

1, ,-.,3 * L06/[2?L.3(54000)], 
, il.8 x 

L&205 - 5) 

- 1.265 x LO 
3 

J 

2 0,coLl 
- (Xc ) 

p co11 
CT -': 

3 a,n) 

- (3.64 x LO' J oC-L)(20S3 - 5':) 
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Table 3. Energy Transport 5 yst ep Thermi Capacxance 

Quantity 'Component . :a!cp (.zOC--;) 

Pump 
r. 

0.06 x 10: 
76mn (3 in.) piping virh 76arm (3 %n.) insulation 5.33 x 10' 
321m (1.25 Fn.) piping with 38~x1 (1.5 in.) insulation 0.94 x lo6 
Unfired boiler with 76mm (3 in.) ixsulation 4.09 x lo6 
Insulated hand valves for 1.25 in. piping .16 x lo6 
Izsulated band valves for 3 Ln. piping .?2 x 10: 
Pressure relief valves .16 x 10' 
Expansion tank, insulated .;s x io6 

(Xp) -11 3 x 106JoC-' 
sys l 

Table 4. Collector System Themal Capacitance 

quantity compoaent xcp (ioc 
-1 

> 

102SUl 32zna (1.35 in.) absorber tube, 3.27 Y LO6 
including contained fluid 

56 FIxAble hoses, 1.42zn long, .37 x lo6 
including contained fluid 

(!Xp)co11=3.64 x LO'J'C-L 

1 7.23 x LO' J 

0 Y 
.i,C 

= 239 + r).2 q 

= 239 + 0.2 (525) = 344 days 

(70 
= 546 [1.2$3 x LO3 J -t 7.23 x LO3 J] 

P 7, 21 
= 0.1 ? x LO J 

St22 LL 

Considering :Se past r2liabili:y of trough system 
and cbe maiLability of an on-site aaictenance crew 
26 Sr,'Jav it is expected that the entire :olLeccot 
systea Gill rarely 5e out-ofuervice. Tour days (U 
?ay:ight hours) of system dountize is estiaat+d. 
Additionally, one drive string (out of 28) FS esti- 
Dat2d to be down t'm days (24 daylight hours) of each 
month or 133 daylight hours ?er year. Xecauso chete 
are TR drive strings, the entire collector systm can 
be equivaixtip considered to be down LQ.3 hours (1 
?R.4/23 hrs). Tence, the total squivalent solar sys- 
tm 2owntirae i3 59.3 (= U 7 10.3) daylight hours. 

?R solar downtine = 59.3 hrlyr. 

3e food processing ;iant has a one veek holiday 
shut.iown in Eecmber and a five day shutdowu in csrlp 

sprfng. i'hfs amounts to Lb4 lost daylight hours per 
year. ‘TR process OowntLme = L&4 hr!yr. 

a Xultiplp by the solar system 

'd 
= (.954)(8.112 x 10L2 3) 

= 7.739 x LO i2 J (7.336 x 

0 Cdlculotr, solar frsctioo. 

use factor. 

LO3 !?i)tu) 

%r bload 6 . = 3.x3 x 10 v ) 

'Load * 
9.769 x LOL3 J ;m-L 

= e.079 (7.9%) 

X detailed Sou r-by-hour SOtiTY comutat run was 2ari.e 
as a compatimn :a Ch2 s tap-by-s tep procedure 
result. Tk.e 3envor Xf tape vas used as the zeatherl 
irradiation data base, Z?e annual energy deliverv 
result vas 7.637 x LOL2 J yr-'. YfS :2!3lll t comar2s 
v2ry closely (-&thin I?) 10f :h2 ;t2o-by-step pro- 
cedure resul: ind att2s:s to the accuracy of t\e 
simpli:ied energy calcuiacion net!m?. 

Thanks ar2 axpressed ta the other cc-nu:hors of 3esix 
Xooroac:?as fsr Solar Tndustrlal Procsss Teat Svs:ar,s 
znd to the 7.5. 3epar:nenc - 3r &erg;" f5r supporclslq 

Y 
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